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Temperature-effectWemade use of pot experiments and soil mineralisation assays to test the effect of temperature on the soil nitro-
gen (N) economy of the Drakensberg Alpine Centre (‘mountain site’). The approach was enhanced by the inclu-
sion of a contrasting warm, subtropical environment on the east coast of southern Africa (‘coast site’) which
presented an opportunity to test plant growth inmountain soil outside of themountain site's natural climatic en-
velope. This studywas further augmentedby two greenhouse experiments that helped isolate the factors respon-
sible for the growth responses in the experiments above. Plant morphology, plant nutrients and soil nutrients
were used as the basis for comparing treatment effects. The primary pot experiment showed that plant growth
was uniform in themountain site regardless of whether the test species was grown in intrinsically N-rich moun-
tain soil or intrinsically N-poor coast soil. However,we noted signiﬁcant growth differences at the coast site using
the aforementioned soil nutrient regimes. In terms of the soil mineralisation assay, coast soil, derived from intrin-
sically N-poor sandstone, predictably mineralised little soil inorganic N at themean spring temperature of 19 °C.
However against expectations, the intrinsically N-rich mountain soil mineralised b1% of its total soil N budget
into inorganic N at 12 °C, most probably because the microbes responsible for the conversion of organic soil N
to inorganic soil Nwere severely inhibited at thismean spring temperature. However, the potential tomineralise
far more N inmountain soil was apparent when using an elevated experimental temperature of 30 °C, with 369%
more soil N being available under the latter regime. Our results suggest that the cooler temperatures associated
with high elevations in the mountain site constrain the activity of soil microbes in mountain soil, resulting in a
functionally N-poor soil economy particularly deﬁcient in inorganic N. This also explains the similar growth re-
sponses regardless of the soil being intrinsically N-rich or N-poor. We speculate whether or not more soil inor-
ganic N may become available under a regime of warming due to accelerated N mineralisation, to the
detriment of plant taxa adapted to low soil N availability.
© 2013 SAAB. Published by Elsevier B.V. All rights reserved.1. Introduction
Empirical plant ecological studies are increasingly testing the limita-
tions of membership in plant communities. Numerous studies have
shown that factors such as soil nutrients and climate are key drivers
exerting strong selective inﬂuences on plant traits and community com-
position (Grime, 1979; Kruckeberg, 1986; Tilman, 1988; Counts, 1993;
Chapin et al., 1995; Ellery et al., 1995; Fynn and O'Connor, 2005).
The broad aim of this study was to test soil nutrient and climate
drivers in an interactive way at the soil-climate interface through the
use of pot experiments and soil mineralisation assays. More speciﬁcally
we tested the temperature aspect of the climatic envelope (the latter de-
ﬁned as the collective inﬂuence of prevailing meteorological conditions)
on the soil nitrogen (N) economy in the Drakensberg Alpine Centre of).
y Elsevier B.V. All rights reserved.plant endemism (‘mountain site’; ≥1800 m–3482 m a.s.l.), the only al-
pine region in southern Africa (Linder, 1990). The intrinsically N-rich
soils of the mountain site's alpine and sub-alpine reaches (c. 2000 m–
3482 m a.s.l.) are derived from dramatic outpourings of lava (ﬂood ba-
salts of the Drakensberg Formation) some 183 million years ago in the
Jurassic Period (Whitmore et al., 1999; McCarthy and Rubidge, 2005).
We questioned whether or not the intrinsically fertile total soil N econo-
my of themountain site is sovereign, or is total soil N fertility arrested by
environmental factors and rendered functionally N-limited? Is tempera-
ture having a signiﬁcant effect on the supply of inorganic N, particularly
on the rate of N mineralisation? Given that the mountain site is a high-
altitude environment, we hypothesized that the cooler temperatures
associated with high elevations have constrained the activity of soil
microbes, thereby resulting in a N-limited soil economy particularly deﬁ-
cient in available inorganic N.
Our study was enhanced by making use of an additional study area
(and its native soil form), namely the Pondoland Centre of plant
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SouthAfrica (Fig. 1), as this region represents a contrasting set of climat-
ic drivers (warm, subtropical, coastal) and is further constrained by in-
trinsically nutrient-poor soils derived from sandstones of the Msikaba
Formation (Van Wyk and Smith, 2001). The coast site therefore
presented an opportunity to test plant growth in mountain soil outside
of the mountain site's natural climatic envelope (unconstrained by the
effects of altitude). Would the test subject grown in mountain soil dis-
play uniform growth across the two contrasting sites? If not, how
would this growth pattern differ and what would this result tell us
about mountain soil and the mountain environment?
2. Materials and methods
This study made use of both primary and secondary experiments.
The primary experiments incorporated growth trials in the two study
regions. In anticipation of the potential for plant growth in mountain
soil outside of the mountain site to be uncharacteristic, we set up two
secondary growth trials to ascertain the cause(s) of such atypical
growth responses in the primary experiments. All experiments are fur-
ther detailed below.
2.1. Study sites for primary experiment
The primary experimentmade use of pot experiments established in
the mountain site and coast site. The mountain site was located at Gar-
den Castle in the southern KwaZulu-Natal Drakensberg (Fig. 1) and the
coast site was located at Umtamvuna (Fig. 1). The pot experiment at
each site therefore comprised four site-soil combinations, namely
mountain site-mountain soil; mountain site-coast soil; coast site-coast
soil and coast site-mountain soil. These dynamics therefore predisposed
the study to pot experiments and not transplant experiments. The pot
experiments were monitored by on-site assistants to ensure that the
pots remained suitably moist, and free of weeds and herbivory.Free State
50 km
28°E
29°S
Drakensberg 
Alpine Centre 
Eastern Ca
Pondol
Cent
Fig. 1. The two study sites accommodating theDiascia mollis pot experiments in KwaZulu-Natal
tem (GPS).2.2. Weather conditions at study sites for primary experiment
Calibrated HOBO®-H8 data loggers (Onset Computer Corporation,
Massachusetts, US) recorded temperature and relative humidity (RH)
at hourly intervals at each site. Rainfall was recorded daily at each site
using a standard rain gauge. Themountain site was the coolest andwet-
test of the two study sites, while the coast site was the most humid
(Table 1). Both sites experienced very high rainfall, associatedwith con-
sistently cloudy weather over the entire growth trial, which ensured
that the plants were sufﬁciently moist throughout the trial (as con-
ﬁrmed by assistants assigned to oversee the experiments in their respec-
tive environments). No drought conditions were therefore experienced.
2.3. Soil forms and soil analyses for primary experiment
Topsoils from themountain and coast sites were collected to a depth
of c. 25 cm from pristine areas. These soils were used both for the pot
experiments and for testing of soil nutrient status. We argue that these
test soils were entirely representative because they were derived from
homogenous geological sequences relevant to our study sites; soil data
from other locations spread across our study regions corroborate this
view (Clinton Carbutt and Trevor Edwards, unpublished data). Soils
were then air-dried at room temperature, sieved through a 2 mm
sieve and stored brieﬂy in open sacks in a dry laboratory as the experi-
ments began soon thereafter. Samples used for chemical analysis were
crushed between rubber belts in a soil crusher and passed through a
1 mm sieve. Total carbon (C) and N were determined by Dumas dry
combustion. Available soil N was determined twice, ﬁrstly from non-
incubated soils and secondly from incubated soils after mineralisation.
N (NH4+) and N (NO3−) concentrations were determined from ﬁve repli-
cates of 20 g air-dried soil extracted in 50 ml 2 M KCl (Bremner, 1965).
Samples were shaken for two hours, ﬁltered and analysed in a
Bran + Luebbe TRAACS 2000 continuous-ﬂow automated analyzer.
Mineralisable Nwas determined after ten days of closed aerobic incuba-
tion with soils moistened to ﬁeld capacity in sealed Erlenmeyer ﬂasks.South 
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, South Africa. Site coordinates and altitudeswere generatedwith a Global Positioning Sys-
Table 1
Meteorological data recorded during the summermonths of 1999/2000 from two sites used for theDiascia mollis pot experiments. Abbreviations:MS,mountain site; CS, coast site; RH, air
relative humidity. For rainfall data, monthly totals are given; for other variables, monthly means.
Month Rainfall
(mm)
Min. air temp.
(°C)
Max. air temp.
(°C)
Mean air temp.
(°C)
Min. RH
(%)
Max. RH
(%)
Mean RH
(%)
MS CS MS CS MS CS MS CS MS CS MS CS MS CS
December 204 164 12.5 19.6 23.0 27.2 17.8 23.4 54.8 68.2 96.6 99.4 75.7 83.8
January 463 393 10.8 18.3 21.2 26.4 16.0 22.4 58.5 64.4 98.2 98.9 78.4 81.7
February 329 335 12.6 20.1 22.9 27.7 17.8 23.9 59.4 68.9 98.9 98.8 79.2 83.9
Total/mean 996 892 12.0 19.3 22.4 27.1 17.2 23.2 57.6 67.2 97.9 99.0 77.8 83.1
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lated with plant N uptake (Stanford et al., 1973). Five replicates per soil
type were placed in a controlled environment (CONVIRON) set at con-
stant mean spring temperatures recorded by Schulze (1981) for each
region: (mountain site, 12 °C— based on the 12 °C isothermwhich cor-
responds with the 1800 m contour that delineates its lower altitudinal
boundary as well as approximates the altitude at which the pot experi-
ment was placed; coast site, 19 °C). Spring temperatures were used be-
causemicrobial activity (andhenceNmineralisation) peaks during early
season wet-up (Read andMitchell, 1983). The amount of N mineralised
during incubation was the difference in available N between incubated
and non-incubated soils. Aluminium (Al) was inferred by the surrogate
indicator acid saturation, which is derived from effective cation ex-
change capacity and extractable acidity, once KCl-extractable acidity
was titrated against 0.005 M NaOH (Farina, 1981).
2.4. Test taxon, bioassay and plant analyses for primary experiment
We selected the native herbaceous perennial Diascia mollis Hilliard
and Burtt (Scrophulariaceae) as a bioindicator for N. This species
grows sufﬁciently fast to provide data within a single growing season.
The study also necessitated a test species being able to tolerate both
low- and high-altitude growing conditions. In this respect D. mollis
again qualiﬁed as it ranges from coastal to montane environments
(Hilliard and Burtt, 1984). The test species was represented by a single
mid-elevation genotype to avoid introducing any selective advantages
in either the mountain or coast sites.
Clonal, uniformally sized stem cuttings (c. 12 cm long)were induced
to root in perlite, then weighed and transferred to medium-sized pots
ﬁlled with either mountain or coast test soils. Each growth trial made
use of twenty replicates per soil type arranged in a Latin Square block
design. All individuals were analysed morphometrically after 100 days
of summer growth by recording shoot height, leaf length and breadth,
and internode length. A destructive harvest allowed us to record fresh
and dry below- and above-ground biomass; dry biomass was deter-
mined after 48 hours of oven drying at 80 °C.
Dried plantmaterial ofD.molliswasmilled to pass through a0.84 mm
sieve. Samples, derived from a number of individuals of the same treat-
ment to ensure that sufﬁcient material was available for analysis, were
dry-ashed at 450 °C overnight and then taken up in 1 M HCl. Plant C
and N concentrations were determined by Dumas dry combustion
using a LECO CNS-2000 automated analyzer. N was veriﬁed using the
macro-Kjeldahl digestion method (Bremner, 1965). Data were analysed
using one-way and two-way ANOVAs, in conjunction with Tukey's mul-
tiple range tests. The two-way ANOVA tested the signiﬁcance of ‘site’,
‘soil’ and ‘site-soil interactions’ on productivity.
2.5. Phenetic analyses for primary experiment
Weused a redundancy analysis (RDA) of plantmorphology to test the
signiﬁcance of treatments, using CANOCO forWindows (version 4.0, Mi-
crocomputer Power, Ithaca, NY, US). RDA is the canonical form of princi-
pal component analysis that extracts gradients directly derived (or,
directly attributable to treatments) from the environment (i.e. ‘treatmenteffects’). The RDA made use of 39 surviving individuals scored for 12
quantitative characters. All data were centred and standardised to zero
mean and unit standard deviation to account for different scales of mea-
surement and variance. Additionally we corroborated our RDA with the
(non-parametric) non-metric multidimensional scaling (NMDS) using
the computer program PATN pattern analysis (CSIRO Division ofWildlife
and Ecology, Canberra, AU). Finally, the relative importance of tempera-
ture, RH and altitude was tested using vector ﬁtting (not shown).
2.6. Secondary experiments
Given that the test taxon was also grown in mountain soil at the
warm coast site (i.e. an area far warmer than themountain site), we hy-
pothesize that mountain soil, when exposed to warmer temperatures,
may either mineralise deleteriously high concentrations of N given
that mountain soil is intrinsically N-rich, or may result in Al toxicity
due to inherently high Al levels inferred from high acid saturation (see
results section). In anticipation of either effect we had to establish two
secondary experiments under greenhouse conditions in away thatmir-
rored the warming regime at the coast site.
To test the former hypothesis, we prepared an experiment that
made use of a C4 subtropical bunchgrass grown in the two soil types,
as prepared for D. mollis. We selected Eragrostis curvula (Schrad.) Nees
(Poaceae) as this species is easily established from vegetative plugs
and responds favourably to high levels of N (Roux, 1954; Le Roux and
Mentis, 1986). If mountain soil mineralises high levels of N under a
warmer climate regime then we expect the subtropical bunchgrass to
produce farmore biomass in the intrinsically N-richmountain soil com-
pared with the intrinsically N-poor coast soil. Equal-sized vegetative
plugs of E. curvula, each c. 20 cm high, were established in medium-
sized pots on a mist bed in a well ventilated greenhouse in the two
experimental soil types. Five replicates were established in each soil
type and were arranged in a randomised complete block design.
Above- and below-ground biomass was harvested after 100 days and
analysed for N following the methods used for D. mollis.
To test the latter hypothesis, we made use of two cultivars of
Triticum aestivum L. (Poaceae), the one cultivar was Al-tolerant
(‘Tugela-DN’), the other cultivar was Al-sensitive (‘Betta-DN’). Both
cultivars were established from seed. Five replicates per cultivar were
arranged in a randomised complete block design. We compared the
productivity of each cultivar established in mountain soil after
100 days. If soil Alwas a factor inmountain soil under awarmer climate
regime then we would expect the Al-tolerant cultivar to produce more
biomass than the Al-sensitive cultivar.
3. Results for primary experiment
3.1. Soil N
Microbes in the soils derived from the mountain and coast sites
mineralised very similar (low) levels of N at their respective mean
spring temperatures (Table 2), despite marked differences in total soil
N (Table 2). Mineralisation levels at 30 °C were greater than the
mineralisation levels that took place under the cooler spring
Table 2
The chemical properties of the soils relevant to thepot experiments ofDiasciamollis at two sites (mean ± SD).Mineralisation valueswere derived frommeans as itwas not possible to pair
incubated and non-incubated samples.
Soil Total soil N
(g kg−1)
Mineralised soil N
(mg kg−1)
Total soil C
(g kg−1)
Soil C:N
ratio
Acid saturation
(%)
Spring 30 °C
Mountain 4.0 ± 0.4 6.7 31.4 53 ± 6 13.3 ± 0.3 19.0 ± 9.9
Coast 0.7 ± 0.0 6.3 8.6 6 ± 1 8.6 ± 0.4 10.6 ± 4.8
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369% more N at 30 °C than under spring conditions (Table 2), whereas
the increase in mineralised N for coast soil was only 37% more at 30 °C
than under spring conditions (Table 2). Total C was highest inmountain
soil (Table 2). The C:N ratio of mountain soil was higher than the C:N
ratio of coast soil (Table 2). Mountain soil was characterised by high
acid saturation (Table 2), a surrogate indicator for high levels of Al.
3.2. Growth responses
Two key results related to (1) no signiﬁcant growth differences
when D. mollis was grown in the two soils types at the mountain site
(P N 0.05; Table 3) and (2) the biomass of D. mollis was particularly
low and mortalities very high when grown in mountain soil in the
warmer, coast site (Table 3). Additionally, we noted that the coast site
was the least productive (Table 3). Individuals grown in coast soil allo-
cated signiﬁcant biomass to roots, and displayed low tissue nutrient
concentrations and chlorosis. Results of a two-way ANOVA conﬁrmed
that all site, soil and soil-site interactions signiﬁcantly affected produc-
tivity (P ≤ 0.001).
3.3. Tissue nutrient allocation
Above- and below-ground nutrient concentrations differed between
soils and sites (Table 4). Macro-nutrients (e.g. C and N) were always
more concentrated in above-ground biomass, however these differences
were less apparent when plants were grown in coast soil and in moun-
tain soil at high elevation, particularly with regard to N (Table 4). High
total soil N concentrations in mountain soil (Table 2) translated into
high tissue N concentrations at the warmer coast site; this relationship
was less evident in the cooler mountain site (Table 4). Nutrient concen-
trations were lowest in plants grown in coast soil at both sites (Table 4).
Plant C:N ratios were higher in coast soil than mountain soil (Table 4).
3.4. Ordination of plant morphology data
The two dimensional RDA ordination of D. mollis morphology data
resulted in two data clusters each comprising a centroid ofmerged indi-
viduals; cluster (a) related to the poor growth response inmountain soilTable 3
The effect of site and soil on the growth characteristics of Diascia mollis grown for 100 days i
consider as being the most reliable indices of productivity, were subjected to a Tukey's m
signiﬁcantly different when referenced with the same letter (P N 0.05).
Character 1 2 3 4 5 6
Site Survivors
(%)
Shoot
height
(cm)
Leaf
length
(mm)
Leaf
breadth
(mm)
Internode
length
(mm)
Increase in
fresh mass
(g)
Total fre
mass
(g)
Mountain
Soil type
Mountain 35 21 ± 6 37 ± 5 29 ± 4 38 ± 14 1.9 ± 1.1 a 4.0 ± 1
Coast 90 27 ± 4 32 ± 3 27 ± 3 26 ± 7 4.4 ± 1.0 b 6.1 ± 1
Coast
Soil type
Mountain 20 12 ± 4 10 ± 4 9 ± 1 6 ± 2 −0.4 ± 0.2 a 1.0 ± 0
Coast 50 21 ± 5 31 ± 8 25 ± 5 13 ± 5 2.1 ± 0.9 b 3.8 ± 1at the warm coast site; cluster (b) related to all other (similar) growth
responses in themountain and coast sites (Fig. 2). Axis 1 of the RDA (ei-
genvalue = 0.455) accounted for 72% of the variation in morphology
that was due to treatment effects, represented by productivity-related
measures such as total dry mass, above- and below-ground biomass
(fresh and dry) and growth per se. Axis 2 (eigenvalue = 0.099)
accounted for a further 16% of this variation, represented by leaf length
and breadth (Fig. 2). The cumulative variancewas88%. TheRDA analysis
conﬁrmed that morphology patterns relating to treatments were signif-
icant (Monte Carlo permutation test; P b 0.01). Groupings generated by
the RDAwere identical to those generated by the NMDS ordination (the
latter are therefore not shown or referred to further). Vector ﬁtting of
the relative importance of the meteorological data conﬁrmed that tem-
perature was a more signiﬁcant climatic contributor than RH (not
shown).
4. Results for secondary experiments
Biomass of the bunchgrass E. curvula was affected by soil type
(P b 0.05); the intrinsically N-richmountain soil resulted in the highest
drymass andnearly double theuptake ofNwhen compared toNuptake
from intrinsically N-poor coast soil (Fig. 3A and B). The Al-sensitive and
Al-tolerant cultivars of T. aestivum performed equally well in mountain
soil (P N 0.05; Fig. 4).
5. Discussion
5.1. Soil or temperature?
The mountain site was a clear example of how low temperature
prevailed over soil fertility despite the test taxon being grown in both
the intrinsically N-rich mountain soil and intrinsically N-poor coast
soil — individuals displayed similar biomass and similar tissue nutrient
concentrations across the two soil types. Such conformity is typical of
cold climates (Clarkson et al., 1988), which in our context was driven
by high elevation. This result also shows how plant productivity may
be accounted for by the physical environment without the effects of
competition (Gankin and Major, 1964; Grime, 1977; Bond et al., 1992).n two pot experiments (mean ± SD). Bolded characters ﬁve, nine, 10 and 11, which we
ultiple range test. Soil treatments within a site, relating to these characters, are not
7 8 9 10 11 12
sh Root fresh
mass
(g)
Shoot
fresh mass
(g)
Total dry
mass
(g)
Root dry
mass
(g)
Shoot dry
mass
(g)
Shoot:root
ratio
(dry mass)
.5 2.1 ± 0.9 1.9 ± 0.6 0.7 ± 0.3 a 0.3 ± 0.1 a 0.4 ± 0.1 a 1.3 ± 0.4
.1 3.0 ± 0.7 3.1 ± 0.7 1.1 ± 0.3 a 0.5 ± 0.2 a 0.6 ± 0.2 ab 1.2 ± 0.5
.0 0.3 ± 0.0 0.7 ± 0.0 0.2 ± 0.1 a 0.1 ± 0.0 a 0.1 ± 0.0 a 1.0 ± 0.3
.3 2.0 ± 0.8 1.8 ± 0.5 0.9 ± 0.4 b 0.5 ± 0.3 b 0.4 ± 0.1 b 0.8 ± 0.3
Table 4
Mean C and N concentrations in the above- and below-ground biomass of Diascia molliswith respect to four soil-site treatments (mean ± SD). A dash indicates insufﬁcient material for
analysis (nil or low sample numbers is due to highmortalities which we suspect is the result of high soil N availability). Results based on two samples are given as a range. Only themost
informative nutrients are listed. N values relating to both forms of N determination were included to ensure that data are credible. Plant C:N ratios are based on Dumas N.
Above-ground biomass Below-ground biomass
Site No. of samples Dumas N Kjeldahl N C C:N ratio No. of samples Dumas N Kjeldahl N C C:N ratio
(% dry mass) (% dry mass)
Mountain
Soil type
Mountain 1 1.7 1.6 36.1 21.2 1 1.7 1.5 36 21.2
Coast 2 0.6–0.7 0.6–0.7 35–39 55.7–58.3 2 0.7–0.8 0.7–0.7 31–32 40.0–44.3
Coast
Soil type
Mountain 1 – 1.9 – – 0 – – – –
Coast 1 0.8 0.8 33 41.3 1 0.7 0.6 21 30
451C. Carbutt et al. / South African Journal of Botany 88 (2013) 447–454The effect of soil type was more marked at the warm coast site than
the cooler mountain site, especially with regards to the mountain soil
treatment. For example, the few surviving individuals grown in moun-
tain soil at the coast site were stunted in height and had small, deep
green leaves. These various symptoms have all been attributed to nitro-
gen toxicity (Tisdale et al., 1985; Bennett, 1993; Wong, 2005). These
symptoms of nitrogen toxicity are to some degree supported by the N
concentration of biomass — the mountain soil treatment at the coast
site had the highest shoot N concentration of all the treatments
employed across the two sites. This, in the absence of any other data
suggesting otherwise, suggests that the mountain soil with intrinsically
high levels of total N mineralised high levels of available N under the-1.0
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Fig. 2.Plots ofmerged individuals of theﬁrst two axes of a RDAof plantmorphologydata (39 sur
2 = 0.099; 88% of the cumulative variance. Fig. 2 includes the vector ﬁtting analysis of 12 produ
productivity.Within each set, vectors are positively correlatedwith each other if their arrows su
arrows point in opposite directions.warm conditions of the coast site, which may have been deleterious to
plant growth (see Roux, 1954; Jeffrey, 1987; Berendse et al., 1994;
Fynn and Naiken, 2009). Although it is not desirable to end up with so
few replicates for statistical purposes, the low survivorship in mountain
soil at the coast site is an important fact-bearing result in the context of
the objectives of this study (refer to the questions posed at the end of
the introduction). Summer drought cannot at all be implicated in the
low survivorship as the experimental sites experienced very high rain-
fall and observers conﬁrmed that pots were kept sufﬁciently moist
throughout the growth trials.
The inherently N-limited coast soil resulted in a similar growth re-
sponse across both sites: individuals allocated signiﬁcant biomass to+1.0 
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Fig. 3. The effect of soil type on the growth of Eragrostis curvula under greenhouse condi-
tions. A. Biomass. B. Nitrogen uptake. The biomass accumulated in each of the two soil
types, represented per plant trait, is not signiﬁcantly different using Tukey's multiple
range test (P N 0.05) when referenced with the same letter above. Error bars represent
the standard error of the mean.
452 C. Carbutt et al. / South African Journal of Botany 88 (2013) 447–454roots, and displayed low tissue nutrient concentrations and chlorosis, all
a general indication of nutrient deﬁciency (Lamont, 1983; Bloom et al.,
1985) and acidic soils (Newton et al., 1991).0
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Fig. 4. Biomass of two wheat cultivars (Triticum aestivum) grown in mountain soil under
greenhouse conditions. The ‘Tugela-DN’ cultivar was bred to withstand Al3+ toxicity,
while the ‘Betta-DN’ cultivar is Al-sensitive. The biomass accumulated by each of the
two cultivars, represented per plant trait, is not signiﬁcantly different using Tukey's mul-
tiple range test (P N 0.05) when referenced with the same letter above. Error bars repre-
sent the standard error of the mean.The result from the subtropical bunchgrass experiment corroborat-
ed the result from the coast experiment as the grass, known to favour
highN levels (Fynn andNaiken, 2009), produced signiﬁcantlymore bio-
mass in the intrinsically N-richmountain soil comparedwith the intrin-
sically N-poor coast soil. The grass responded favourably to the high
levels of available N mineralised in the intrinsically N-rich mountain
soil under a warming regime.
Al3+ toxicity was dismissed as being the factor responsible for the
poor growth and high mortality of D. mollis grown in mountain soil in
the warm coast site. The supplementary pot experiment corroborated
our views, as the Al-sensitive and Al-tolerant cultivars of T. aestivum
propagated in mountain soil displayed no statistically signiﬁcant
growth differences. We believe the reason is due to the high clay and
soil organic matter (SOM) fractions of mountain soil functioning as ex-
change sites which bind up Al3+ to render it non-exchangeable (see
Sparks, 1995; Clark and Baligar, 2000; Carbutt, 2004).
5.2. Primary driver of pattern: effect of temperature on N mineralisation
Microbes in the coast soil incubation assay mineralised only
6.3 mg kg−1 N but this was expected given that coast soil is inherently
N-poor. The surprise result was that the microbes in the mountain soil
incubation assay, although operating in a large total N pool, mineralised
only 6.7 mg kg−1 N (a very similar result to the N-depleted coast soil),
which equates to only 0.17% of the total soil N budget in mountain soil
(Table 2). Yet by increasing temperature (and thereforemicrobial activ-
ity) we noted that themicrobes in the intrinsically N-richmountain soil
mineralised 369% more N at 30 °C than under spring conditions
(conﬁrming high total N in mountain soil), whereas the increase in
mineralised N for the intrinsically N-poor coast soil was only 37%
more at 30 °C than under spring conditions.
The relatively high C:N ratio of mountain soil, slightly higher than
the average of ten to 12 (Sparks, 1995), also indicates that N is not read-
ily released from SOM (Yamagata and Ae, 1999) and is indicative of a
non-labile pool of nutrients (Vitousek, 1982). Plant C:N balance is also
an important parameter as it affects ecosystem response to CO2
(Zheng, 2009). Plant C:N ratios were higher in coast soil than mountain
soil, but the absence of data for plant C:N frommountain soil at the coast
site, for reasons already discussed, prohibit any conclusive observations
in this regard.
Our evidence suggests that low soil inorganic N availability in the
mountain site is due to impaired microbial activity brought about by
the low spring temperature. This temperature constraint is a function
of high elevation (see Körner and Larcher, 1988) as soil temperature de-
creases with altitude (Shreve, 1924; Körner, 2003). This explains how
soil fertility at high elevation can be arrested by environmental factors
and can be rendered functionally nutrient-poor despite the soil N econ-
omy of themountain site being intrinsically nutrient-rich. This principle
also accounts for the uniform plant growth in the intrinsically N-rich
and intrinsically N-poor soils at the mountain site.
Our data suggest that the microbes in mountain soil appear to be
more mesophilic compared to the psychrophilic microbes better
adapted to the extremely cold conditions of the high-alpine and polar
(arctic tundra) regions of the northern hemisphere (see Schinner,
1982; Chapin et al., 1995; Fisk and Schmidt, 1995; Hartley et al., 1999;
Huber et al., 2007). Psychrophilic microbes are constrained by extreme-
ly cold temperatures for prolonged periods of the year, whereas those of
themountain site are constrained for a shorterwinter period in a gener-
ally warmer climate than the sub-arctic northern hemisphere.
6. Conclusion
We show that under certain conditions both ‘soil’ (soil N in particu-
lar) and ‘site’ (temperature in particular) factors have inﬂuenced plant
growth. Notwithstanding the inherent limitations associated with pot
experiments, we present plausible evidence which suggests that the
453C. Carbutt et al. / South African Journal of Botany 88 (2013) 447–454supply of soil inorganic N in the mountain site may be extremely limit-
ed. Themicrobial activity (andhenceNmineralisation) ismost probably
constrained by cool temperatures characteristic of high elevations. The
overriding inﬂuence of the climatic envelope, particularly temperature,
over soil suggests that this system is constrained by climatic boundaries
that set the basic limits for biota (see Mason, 1946) despite an intrinsi-
cally N-rich soil economy. This broad-based study also lends itself to
numerous and more speciﬁc follow-up studies. For example, multiple-
species studies (introducing the dynamics of competition) should
expand this concept to test whether or not the plant communities in
the mountain site are indeed adapted to N-limiting conditions, and
comparisons of Nmineralisation could be further tested using in situ in-
cubation methods such as buried bags, covered cylinders, standard
exchange resin traps, and soil-resin traps in the testing of our hypothe-
sis (although the lattermethods too are better at delivering only reason-
able estimates of short-term N mineralisation due to soil water
movements and leaching; Hanselman et al., 2004). Furthermore, micro-
bial biomass and the regulatory role of the phosphorus (P) budget in
controlling the N economy also requires further investigation as well
as the degree to which the nutrient budget of plants in the mountain
site is reliant upon direct assimilation of organic N (see Yamagata and
Ae, 1999; Karagatzides et al., 2009; Näsholm et al., 2009) in order to
short-circuit the inorganic N cycle and thereby minimise potential bot-
tlenecks in N availability (Karagatzides et al., 2009).
Furthermore, we note the application of such a study to global
change research.We recognise the need to extend this study tomonitor
the impacts of threats such as climate change (White et al., 2012) and
the potential deposition of anthropogenically derived reactive wet and
dry N to determine critical loads (Baron, 2006; Bowman et al., 2006).
Global change scientists are now questioning how nutrient cycling al-
ters ecosystem responses to global change. The premise is that C inﬂux
into an ecosystem under elevated CO2 triggers increased demand for N
to support stimulated plant growth and enhanced sequestration of C
and N into plant biomass and SOM, resulting in decreased soil N avail-
ability for plant growth known as progressive N limitation (Luo et al.,
2004). Hungate et al. (2003) and Reich et al. (2006) suggest that the
ability of terrestrial ecosystems to absorb elevated CO2 will be
undermined by limited N availability. Therefore increasing N inputs so
as to maintain an optimal C:N balance in plants seems necessary to sus-
tain optimal CO2 utilisation efﬁciency at the ecosystem level (Zheng,
2009). However, current evidence is ambiguous and controversial;
Luo et al. (2006) later showed that elevated CO2 can increase the accu-
mulation of C and N in terrestrial systems. Understanding the various N
supply mechanisms (Luo et al., 2006) and mediation processes through
feedbacks involving theN cycle is crucial (Hungate, 1999;Hungate et al.,
2003).
Notwithstanding the ‘threats from above’, we question whether or
not the predicted warmer temperatures and increased precipitation as-
sociated with novel climate change scenarios may accelerate decompo-
sition and N mineralisation in the mountain site as a ‘threat from
within’, thereby increasing soil inorganic N availability to the detriment
of taxa that have evolved in a soil economywhere available N is in short
supply (Carbutt and Edwards, 2008; Contosta et al., 2011). A concerted
research effort is therefore required to investigate the likely impacts of
elevated CO2 and temperature on the plant–soil nutrient dynamics of
the Drakensberg Alpine Centre, particularly the interactions between
soil C, N and P.
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